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Abstract

The influence of the adhesive type on bond behaviour between concrete and Carbon Fibre Reinforced
Polymers (CFRP) laminate strips, in the context of Near Surface Mounted (NSM) strengthening
technique, is considered as crucial for an efficient design. Thus, direct pullout tests were carried out to
assess the influence of i) type of adhesive ii) CFRP cross-section and (iii) bond length on behaviour of
NSM-CFRP system. Two types of stiff adhesives and one type of flexible adhesive were studied. For
similar bond lengths, significantly higher maximum pullout force and bond stiffness were observed in the
case of stiff adhesives, while noticeably higher slip at maximum force was achieved with the flexible
adhesive. Analytical and numerical investigations were carried out in order to determine the local bond
stress-slip relationships for both stiff and flexible adhesives. After demonstrating its good predictive
performance, the analytical approach was used to design curves of the required anchorage lengths of
NSM-CFRP system at ultimate limit state conditions. For the analytically calibrated mechanical
parameters of NSM bond-slip law a two-dimensional numerical model of the direct pullout tests was

worked out.
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1. INTRODUCTION

Carbon Fibre Reinforced Polymers (CFRP) composite materials applied according to Near Surface
Mounted (NSM) or Externally Bonded Reinforcement (EBR) techniques have been extensively studied as
flexural or shear strengthening solutions to rehabilitate existing structures vulnerable to damage under
static, dynamic and fatigue loading conditions [1-3]. The NSM technique, based on the insertion of
reinforcing elements in pre-opened grooves located in the concrete cover of the element to be
strengthened, has been shown to reduce premature failure modes (like debonding of the CFRP from
concrete), when compared to the EBR technique [4]. Typically, epoxy adhesives are used to fix the CFRP
composites to concrete.

Several experimental investigations have been conducted to evaluate the influence of several parameters
on the bond behaviour between concrete and the NSM-CFRP system, being the most critical ones [5-7]:
i) the geometry of the groove and of the CFRP element, ii) the mechanical properties of concrete, iii) the
type of surface treatment of the groove and, iv) the characteristics of the external surface of CFRP
reinforcement. The existing NSM bond testing configurations can be classified in two main groups: (i)
Direct Pullout Tests (DPT) and (ii) Beam Pullout Tests (BPT) [3, 8, 9]. In the context of DPT, the cubic
and prismatic blocks are typically used, while in the BPT a beam with a notch at mid-span or two
concrete blocks connected with a metallic hinge, adopting the three or four point bending tests
configuration, are used [9]. The following failure modes can be observed when bond tests are performed
with NSM-CFRP laminate strips [5]: i) failure by debonding at CFRP-adhesive interface; ii) cohesive
failure in the adhesive; iii) failure at the adhesive-concrete interface; iv) cohesive failure in the concrete;
and, v) CFRP rupture. Typically DPT are used to assess end debonding/anchorage and shear
strengthening, whereas BPT are utilized to study intermediate debonding.

Existing research has shown that, despite the available experimental investigations on the bond behaviour
of CFRP systems, few studies have been dedicated to assess the influence of the adhesive type and its
curing conditions [10-14]. In this context, the influence of stiff (epoxy resin) and flexible (polyurethane
polymers) adhesives with CFRP systems used to repair masonry structures was experimentally
investigated [10, 15, 16]. The obtained results demonstrated that the flexible adhesive is more effective
than the stiff one due to the reduction of stress concentrations and smoother stress distribution along the
bond length, as well as higher bond fracture energy. Additionally, flexible adhesives present glass

transition temperatures far from the service temperatures, e.g. [17], which is not the case when cold
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curing epoxies, that are normally used in strengthening applications, are used, e.g. [18]. However, further
experimental investigations are still required to confirm these benefits and give more insights into the
application of flexible adhesives.

Besides the experimental characterization, reliable models to predict the bond behaviour between the
NSM-CFRP systems and concrete are fundamental [19-22]. These are essential to increase the confidence
of engineers and designers in the adoption of such NSM-CFRP reinforcement as strengthening solutions
for concrete structural elements. For this purpose, the development of reliable analytical models capable
of determining the local bond-slip laws is essential.

This research aims at, firstly, investigate the influence of using stiff and flexible adhesives in the NSM-
CFRP system through DPT tests. The experimental program investigates the influence of cross sectional
area of CFRP laminate and bond length for each adhesive type, on the NSM-CFRP bond behaviour. The
applied pullout force and the loaded end slip were recorded during the entire loading sequences. The
strain field evolution on the NSM-CFRP laminate region was assessed using the Digital Image
Correlation (DIC) method, to better understand the bond resisting mechanisms of NSM-CFRP system for
each adhesive type. Afterwards, local bond-slip relationships and the corresponding bond design curves
of NSM-CFRP system were determined for both types of adhesives using an analytical model. Based on
this analytical modelling, a numerical model of the experimental setup was build. Finally, the carried out
simulations, which were validated by the experimental results, allowed to determine the distributions of

slips and bond stresses along the anchorage length for the tested specimens.

2. EXPERIMENTAL PROGRAM

The experimental program was composed of 17 series of specimens, considering the following variables:
i) type of adhesive (ADH1, ADH2, and ADH3), ii) bond length (between 50 mm and 300 mm) and
iii) type of CFRP cross-section geometry (L10 and L20). The test program of the current study is part of a
wider experimental research, which included flexural tests on full-scale slab specimens (detailed in the
second part of the present companion paper). The results of 3 pullout tests series collected from [23], with

the same geometry and material properties, are also presented and analysed in the present study.

2.1 Specimens and testing configurations
As previously mentioned, three adhesive types (ADH1, ADH2 and ADH3) were tested in combination

with two types of CFRP laminate cross-section geometries (L10: 10x1.4 [mm] and L20: 20x1.4 [mm]),
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applied with six different bond lengths (Ly: 50, 60, 80, 100, 200 and 300 mm). Table 1 summarizes the
test program. Three specimens were tested in each series, yielding a total of 51 pullout tests. The generic
denomination of each series is ADHX_LYY_LbZZ, where X is the adhesive type (1, 2 or 3), YY is the
width of the CFRP laminate strip (10 or 20 mm) and ZZ is the bond length (50 to 300 mm).

The bond tests of the NSM-CFRP configurations with relatively small bond lengths were carried out by
adopting concrete cubic specimens, since this type of configuration proved to contribute for the accurate
assessment of the bond behaviour [24]. However, for higher bond lengths, concrete blocks with longer
geometry were required. Accordingly, for the pullout specimens with bond lengths of up to 100 mm,
concrete cubic specimens with 200 mm of edge were adopted (see Figure 1), while concrete prismatic
specimens with dimensions of 150x150x600 [mm] were used for bond lengths larger than 100 mm (Ly:
200 and 300 mm). Both geometries of the blocks fulfil the requirements included in CAN/CSA S6-06
guideline [25], mainly the minimum edge distance from the CFRP to the borders (equal to five times the
CFRP laminate width).

For the application of CFRP laminates according to the NSM technique, grooves were opened in the
concrete blocks using a cutting machine with a diamond disk. Rectangular cross-sections of 5x15 [mm]
(actual geometry: 5.19 mm (CoV = 3.2%), 15.53 mm (CoV = 2.2%)) or 5x25 [mm] (actual geometry:
5.27 mm (CoV = 5.25%), 25.41 mm (CoV = 1.77 %)) were adopted for the insertion of CFRP laminates
L10 and L20, respectively. The two components of each adhesive were mixed, according to the technical
information reported in the corresponding datasheets, and then the groove was filled with the adhesive. In
the case of the specimens strengthened with the adhesive ADH3, it was necessary to apply a special
primer (chemically compatible with ADH3) at the groove surfaces. Subsequently, the CFRP was
introduced in the centre of the groove and the surface was regularized (see Figure 2). Adhesives ADH1
and ADH2 were applied using a spatula, while the ADH3 was applied by gravity due to its low viscosity
(see Figure 2). The specimens were cured and kept in laboratory for approximately one month and a half
before testing.

The pullout tests were performed under displacement control, using as control variable the displacement
at the loaded end section measured with a linear variable displacement transducer (LVDT1). Two
constant displacement rates were adopted, 2 um/s and 5 pum/s, for stiff and flexible adhesives,
respectively. The lower rate was adopted to obtain a stable test during the pre- and post-peak phases,

based on the previous experience, e.g. [26], while the higher rate (adopted with the flexible adhesive) was
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chosen to have a duration of the tests with reasonable time. These type of adhesives are influenced by the
test rate; however, the range of values adopted has marginal influence on the response of the system. The
LVDT1 measured the slip at the loaded end (s1), i.e. the relative displacement between the CFRP laminate
and the concrete. To avoid premature failure of CFRP laminates by the grip (see Figure 1), metallic tabs
with 50 mm of length, 1.5 mm of thickness and the same width of the laminate were used. These tabs
were glued to both faces of the CFRP with a cyanoacrylate-based glue.

In order to better understand the evolution of degradation mechanisms during the test at the bonded zone,
DIC technique was adopted in the surface of the strengthening system to document the deformations
changes. [27]. This procedure can be used to derive the full field displacements at the documented area
and then, by post-processing, to derive the relevant full field strains during the entire loading sequence.
Additionally, considering that the scale and the resolution of the images taken are appropriate, the
evolution of the crack pattern at the surface of the specimens was traced by processing the sequence of
images (produced at a constant time step). The used lens adopted an aperture of f/11 and a focal length of
100 mm. The documented area at the surface of the specimen was 60 mm wide and 100 mm long, with
respect to the alignment of the CFRP laminate. Led lights were used to illuminate the surface of the
specimen. The camera sensor was a full frame size, with 36 Mpx. Considering that the priority was to
trace the initiation and propagation of the cracks during testing, the principal tensile strain fields were
mapped adopting a very fine facet mesh. This mapping was particularly important to identify the location
of the first cracks with respect to the CFRP laminate loaded end and to document the process of initiation

and propagation of new cracks during the entire loading sequence.

2.2 Material characterization

A single concrete batch was used for casting all the concrete specimens. Concrete cylindrical specimens
(150 mm of diameter and 300 mm of height) were tested for assessing the concrete mechanical properties
through compression tests at 28 days and 110 days, being the later the testing age of the DPT. E-modulus
(Ec) and compressive strength (fc) of concrete were assessed according to LNEC E-397-1993:1993 and
NP EN 12390-3:2009 recommendations, respectively [28, 29]. Table 2 includes the average results of E.
and f. obtained from three cylindrical specimens.

S&P® Clever Reinforcement Company produced the CFRP laminate strips used in this work, with the
trademark CFK 150/2000. The external surface of the laminates is smooth and the content in fibres is

about 70%. The mechanical properties of the CFRP laminate strips were previously assessed. The
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relevant results in terms of elasticity modulus (Ey), tensile strength (fr) and strain at peak stress (&fmax) are
presented in the Table 2 [3, 30].

Two of the adhesives tested were stiff epoxy adhesives with high viscosity, denominated herein as
Adhesive 1 (ADH1) and Adhesive 2 (ADH2) with the commercial trademarks of Sikadur 30 and S&P
Resin 220, respectively. The third adhesive was a polyurethane polymer adhesive with low viscosity and
high flexibility after curing, with the commercial name of Sika PS and designed herein as Adhesive 3
(ADH3). All the used adhesives are available in the form of two components (Component A = resin and
Component B = hardener) that need to be mixed prior the application. According to the suppliers the
ratios A:B are 3:1, 4:1 and 9:1 for the ADH1, ADH2 and ADH3, respectively. Tensile properties of
ADH1 and ADH2 were obtained by performing 6 tests for each adhesive type according to the 1SO 527-
2:2012 [31], while tensile properties of ADH3 were previously assessed by [10] and the relevant
properties are reported in Table 2. This table presents the average values of the E-modulus (Ez), tensile
strength (f.) and strain at peak stress (€amax) for ADH1, ADH2 and ADH3. As expected, ADH1 and ADH2
have approximately shown similar mechanical properties, while ADH3 has shown significantly lower E-

modulus and tensile strength, as well as a much higher strain at peak stress.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Main results

Table 3 summarizes the main pullout results derived after testing three specimens for each series. Table 3
also includes the failure modes (FM) observed. Fimax represents the maximum pullout force reached
during the test; Fimax/fru is the ratio between the maximum pullout force and the CFRP tensile strength
derived from Table 2; zmaxavg represents the average shear bond strength at the CFRP laminate-adhesive
interface and is obtained by dividing Fimax by the 3-face contact area between the CFRP laminate and the
adhesive, Fimax/[(2 ws + 1) Lp], where wr and t; are the width and thickness of the CFRP laminate
respectively and Ly represents the bond length; simax is the loaded end slip at Fimax. It is noteworthy to
stress that the assumed shear bond strength (zmaxavg) iS considered in this study due to its importance in
several different design approaches as an important design parameter for detailing, being a far-reaching

simplification that does not reflect the real nonlinear shear stress distribution along the bond length [32].
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3.1.1 Force versus loaded end slip

Figures 3 and 4 present representative pullout force versus loaded end slip relationships (Fi — s) for all the
tested specimens. During the early stages of the bond response, chemical bond governs the connection
between the CFRP laminate and concrete. The Fi-s; responses up to the maximum load are mainly non-
linear due to the non-linearity in the behaviour of the adhesives and the progressive damage in the
laminate-adhesive bond interface, as referred by [3, 7]. For the ADH1 and ADH2 specimens with Ly
values of 200 and 300 mm of series L20, a second hardening branch develops during the pre-peak phase,
with the increase of the load carrying capacity at a lower but approximately constant rate, until the peak
pullout force is reached. The length of this branch is directly related to the bond length. The presence of
this branch is associated to the occurrence of debonding failure before the NSM-CFRP system achieves
the ultimate strength of the CFRP laminate, and therefore the CFRP rupture. It should be noted that Fimax
obtained for the specimens failed by CFRP rupture is somewhat lower than the tensile strength of the
corresponding CFRP laminate. This is probably due to the premature failure of some of the fibre clusters
of the CFRP laminate during the test, possibly as a result of a slight eccentricity caused by the test setup
leading to partial bending of the CFRP laminate.

In the specimens that did not fail by CFRP rupture, in some cases, it was possible to capture a short and
fast pullout force softening branch after the peak pullout force was reached, while in other cases a long
post-peak branch was obtained. The absence of a softening branch may be justified by the difficulties in
controlling the test after the peak load is reached mainly when the peak pullout force is high. Due to the
sudden pullout force reduction, the failure of the system occurred, as result of a significant elastic
deformation recovery in the CFRP laminate. The post-peak responses showed first a non-linear load
softening phase, followed by the subsequent stabilization of the pullout force at a residual value due to
friction at the interface.

The F-s; response obtained for ADH3 specimens showed, as previously, a non-linear behaviour from the
beginning up to the peak load. The increasing of the L, resulted in an approximately proportional increase
of the bond stiffness of the NSM CFRP system up to Fimax. The maximum load carrying capacity of the
system (Fimax) May correspond to the initiation of the debonding at the CFRP laminate-adhesive interface
and cohesive failure in the flexible polyurethane adhesive, when the maximum deformation capacity of
ADH3 is met. When comparing these results to the behaviour observed with the stiff epoxy adhesives

after the maximum pullout force, F, showed the tendency to decrease smoothly and at a much lower rate.
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After this decrease (in the case of ADH3 specimens), the responses obtained showed residual frictional
forces approximately proportional to Ly, as described in the literature by [33]. For all the ADH3 series, it
was possible to capture experimentally both the pre- and post-peak parts of the F-s; responses.

Comparing the responses of ADH1 and ADH2 series with the corresponding responses of ADH3,

significantly higher ultimate loads (Fimax) and bond stiffnesses were obtained for the stiff adhesives, while

significantly higher slip corresponding to Fimax at loaded end (Simax) Were achieved for the flexible
adhesive, which can result in significantly more ductile responses of the NSM-CFRP in structural
applications.

Analysing the coefficients of variation (CoV) obtained for the different series, included in Table 3, the

following conclusions can be drawn:

. In general, low values of CoV were observed for the case of Fimax (@ mean value of 4.4% was
obtained when all series are considered). Moreover these values are in the range of expected
values at lab testing. However, higher values of CoV were observed in the case of series involving
flexible adhesives, when compared with stiff adhesives (3.3% against 7.0% in terms of mean
values). This difference can be linked with the type of failure mode: in the case of specimens with
flexible bulk adhesives, cohesive failure in the adhesive was always observed. Typically, CoV of
the strength of flexible adhesives is in the range of 5% to 10% (e.g. [34]), while in the case of stiff
adhesives the CoV of the strength presents lower values, e.g. [18];

. Higher values of CoV were found for the Simax, When compared with the case of Fimax. These
observations were expected giving the difficulties of measuring very small slips such as Simax.

Moreover, similar mean values of CoV were observed when an adhesive type analysis is done.

3.1.2  Failure modes

Figure 5 shows the failure modes observed during the present experimental program. Three types of
failure modes were identified, which are related to the mechanical properties of the applied adhesives (see
Table 3). In the ADH1 and ADH2 series the specimens failed by (i) DFA - debonding at CFRP-adhesive
interface (see Figure 5a) or by (ii) FF - CFRP rupture (see Figure 5b). ADH3 specimens always failed by
a mixed failure mode (see Figure 5¢ and Figure 5d): DFA + CA - debonding at laminate-adhesive
interface and cohesive failure in the adhesive. It is noteworthy to stress that, for all the series (ADH1,

ADH2 and ADH3), there was an absence of cracks in the concrete surrounding the CFRP bonded zone
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through visual inspection using a handheld microscope (model VEHO VMS-004D) at the end of the test.
Probably crack closure due to the unloading made difficult the observation of possible cracks, which were

obhserved by DIC method during ongoing tests (see next sub-chapter).

3.1.3  Digital Image Correlation analysis

As mentioned previously, representative DPTs were monitored by documenting the surface of the
specimens using digital images during the tests. DIC method was used afterwards in order to extract the
deformation fields at the surface of the specimens, in order to compare the differences in the behaviour of
NSM-CFRP systems when stiff and flexible adhesives are used. Assuming that the behaviour is
approximately symmetrical, only one-half of the surface of the specimen with respect to the CFRP
insertion plane was documented.

In this paper, only the results of the specimens ADH2_Lb100_1 and ADH3 Lb100 1 are presented. The
first specimen is representative of the stiff adhesive series while the other is representative of the flexible
adhesive. The major principal (tensile) strain fields obtained using DIC, as well as the identification of the
corresponding stages on Fi-s; responses are presented in Figure 6 for both tested specimens. The DIC
strain field at the Vth instant of the ADH2_Lb100 1 specimen corresponds to the last image captured
before the specimen failure.

Regarding the results obtained for ADH2_Lb100_1 specimen (see Figure 6a), it can be observed that the
initiation of diagonal micro cracks is clearly identified. These are revealed by high strain gradients in the
form of tortuous lines at the concrete surface, which start at the vicinity of the loaded end section. During
testing and while the pullout load increases, the number of diagonal micro cracks identified in the strain
field increases gradually in the direction of the free end section.

By looking at the crack pattern detected and its evolution, it is possible to identify the location of the
highest strain gradient propagation front at the laminate, which develops initially at the loaded end and
gradually propagates in the direction of the free end. The approximate location of this strain gradient front
at the laminate is identified with the symbol “*’. It can also be assumed that the zone located between the
highest strain gradient zone and loaded end section represents the area of bond softening. The location of
highest strain gradient region moves towards the free end section during the entire pullout loading
sequence. The existing cracks, which were not detectable during the visual inspection after testing,
become gradually wider and longer, resulting in the formation of a stiffening mechanism based on the

establishment of diagonal compressive forces, as reported in the literature [3, 35]. As shown, in the case
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of the stiff adhesives, a “fish spine” crack pattern is formed (see Figure 6a). In general, the strain gradient
in the concrete was greater than in the adhesive due to the superior mechanical properties of the latter. On
the other hand, when the bonded zone represents the softening phase, the strain gradient is more localized
at concrete-adhesive interface compared to concrete, because of a frictional slippage phenomenon and the
decrease of pullout load, yielding to a decrease of the stress state in concrete.

DIC analysis of ADH3_L20 _Lb100 1 specimen is presented in Figure 6b. It is clear that the surrounding
concrete remained almost undamaged while the strain concentrations originated mainly in the flexible
polyurethane adhesive, which experienced high deformations even for relatively low values of F; due to
the low modulus of elasticity of the ADH3. Moreover, due to its low mechanical properties it is not
effective in transferring high levels of stresses to the concrete (for the tested bond lengths).

To summarize, DIC analysis allowed to document the main resistance mechanisms formed during the
pullout tests and to identify the main differences between the bond behaviour of the stiff and of the
flexible adhesives. When stiff adhesives were used for NSM-CFRP systems, the damage tended to affect
also the surrounding concrete, while the application of the flexible adhesive resulted in the concentration
of the damage mainly at the adhesive, instead of at the concrete. On the other hand, due to the
significantly higher stiffness of the CFRP laminate when compared to the flexible adhesives, CFRP is
entirely mobilized along the bond length in the presence of this adhesive, in contrast to the case when stiff
adhesives are used, in which case the mobilization is less gradual. Similar effect was observed in DIC,
when externally bonded composite materials were bonded using stiff mineral and flexible polyurethane

adhesives [13, 36].

3.2 Influence of distinct parameters on the bond behaviour

In Figure 7 the influence of both the adhesive type and the bond length on the parameters Fimax, Simax and
Tmaxavg 1S @nalysed. The results show that for most specimens Fimax increased almost linearly with the
increase of Ly up to the CFRP tensile strength (Fr,) (see Figure 7a). Moreover, Fimax Was higher for L20
series than for L10 series with the same adhesive type and bond length, which is justified by the higher
contact area at the laminate-adhesive and adhesive-concrete interfaces and the higher capacity for force
transmission between the CFRP and concrete. In general, both stiff adhesives (ADH1 and ADH2) showed
almost similar Fimax, while ADH3 showed significantly lower Fimax compared to the stiff adhesives. This

poorer performance of ADH3 may result from its low mechanical properties. However, the increase of

10
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Fimax With Lp was more pronounced for the specimens with the adhesive ADH3 than for the specimens
with ADH1 and ADH2, especially for L20 series.

Regarding the influence of the adhesive type and bond length on the loaded end slip at peak pullout force
(see Figure 7b), the results obtained show the same trend, in this case Simax increases with the increase of
Ly,. However, an exception was observed when comparing ADH2_L10 Lb80 and ADH2_L10 Lb100
series due to the occurrence of CFRP rupture. The cross-section geometry of the CFRP laminate also
influenced simax. Considering the specimens with L, of 80 and 100 mm using adhesives ADH1 and ADH2,
Simax Was higher for L10 series. In contrast, for ADH3 series, Simax tended to be higher when L20 laminate
was used instead of L10, although in both cases higher simax Were obtained when compared to the stiff
adhesives.

The influence of the analysed parameters on zmaxavg IS presented in Figure 7c. The results obtained show
that the 7maxavg Values tended to decrease with the increase of Ly for stiff adhesives ADH1 and ADH2,
with the exception of the ADH2_L10 series. This reduction of zmax.avg With Ly was not proportional to the
increase of the contact area between the CFRP laminate and adhesive. According to [5], zmaxavg decreases
with the increase in Ly due to the higher contact area between the CFRP laminate and the adhesive, and
mostly due to the non-uniform distribution of bond stresses along the bond length [31]. In contrast, for the
flexible adhesive ADH3 no significant effect was detected, being zmaxavg Similar for all tested bond
lengths. This is likely the result of a more uniform distribution of bond stresses along L, when flexible
adhesives are applied, due to the lower stiffness of the material and hyperelastic characteristics [13].
Additionally, for ADH3 specimens the cross-section geometry of CFRP laminate did not seem to
significantly influence zmaxavg. TO Summarize, in general the results have shown that the bond stress
development at laminate-adhesive interfaces is independent of the CFRP cross-section geometry.
Moreover, the adhesive type has a noticeable influence on zmaxavg, as a result of a more or less uniform

distribution of bond stresses along the bond length.

3.3 Behaviour of stiff versus flexible adhesives at comparable deformation

The NSM-CFRP systems are used in many practical applications as flexural strengthening solution of
structural elements (e.g. bridge decks). Typically stiff epoxy adhesives are used as the bonding agent to
fix the CFRP laminates. The strengthened elements undergo deformations under service loads, leading to

stress variations in the NSM-CFRP strengthening system. When accidental or extreme loads generate
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ultimate deformations, the strengthening systems using the stiff adhesives may not be able to withstand
high deformations, whereas the flexible ones may be able to carry significant loads due to their high
deformability. In these cases, the NSM-CFRP system could include the simultaneous use of stiff and
flexible adhesives. In this critical phase and due to these extreme loads, such a hybrid system may be able
to withstand further increase of deformations, as shown in Figure 8 (for 1 mm of slip both adhesives can
withstand loads, whereas for 2 mm of slip only the flexible adhesive can continue withstanding loading).
Similar ability was observed in the case of a RC beam strengthened using externally bonded CFRP
laminates, fastened using stiff epoxy and flexible polyurethane adhesives [37]. The presented results
suggest that such combined NSM-CFRP strengthening system can be applied as a “safety” measure of
NSM strengthening system, protecting strengthened structures against sudden failure and loss of property
or even casualties (e.g. sudden failure of bridges). The above observation was noticed for the bond length
of 300 mm. Similar one was obtained during flexural tests on full scale slab specimens (detailed in the

second part of the present companion paper).

4. ANALYTICAL MODELLING

This section describes the study carried out to i) determine the local bond stress-slip (t —s) laws
considering the experimental results obtained from the pullout tests as described in the previous section
and ii) to derive design curves in terms of maximum pullout force versus bond length for the stiff and
flexible adhesives, by resourcing to the determined local T — s laws in step i). For this purpose, a
computational programme previously developed by [19] was used. The main characteristics of this
computational programme are described next.

According to the adopted analytical model, the local bond phenomenon between two materials (in the
present research, the CFRP laminate and concrete) is characterized mathematically by a second order
differential equation. Based on this equation, it is possible to obtain the T — s relationship using an
inverse analysis procedure, consisting of a series of iterations in order to find the value of the parameters
of T — s relationship which can satisfy the second order differential equation.

Assuming that the CFRP laminate has a linear elastic behaviour along its longitudinal direction, and
neglecting the concrete and stiff adhesive deformations, the second order differential equation that
governs the local bond phenomenon of the CFRP laminates inserted on the concrete cover is given by

[19, 38]:

12



349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

371
372
373
374

d?s

__Pr
il (x) ()

where 7(x) = T(s(x)) is the bond stress at the contact surface between the CFRP laminate and adhesive
along the bond length. Note that the bond stress t(x) varies along the bond length and also depends on
the relative slip between the CFRP laminate and adhesive s(x). The origin of x axis coincides with the
free end section and Ef, Ar and P, are the modulus of elasticity, the cross-section area and the perimeter
of CFRP laminate, respectively.

By selecting local T — s law type, an iterative procedure is performed in order to determine the best
parameters that define this law, as follows: i) the parameters defining the law are set; ii) then, the
computed pullout force (N) is determined and the computed pullout force versus slip response (N — s)comp
obtained is compared to the corresponding experimental response (F, — S)exp; (iii) the difference between
the computed (N — s)comp and the experimentally obtained (F, — s)exp responses is determined; iv) the
process is repeated until an acceptable accuracy is obtained.

The same approach was assumed for the series with flexible adhesives, although in this case the adhesive
presents a non-negligible deformation. Following this simplified strategy, the obtained local law accounts
for the bond between the CFRP laminate and the concrete substrate.

Figure 9 presents a CFRP laminate inserted in the concrete cover with a bond length of Ly, where N is the
applied pullout force, while s; is the free end slip and s, is the loaded end slip. When the CFRP laminate
slips due to an applied force N, the following parameters need to be evaluated along the bond length: slip
s(x); bond stress between the CFRP laminate and adhesive 7(x); strain &¢(x); and the axial force N(x).
The pullout force is determined by Eq. (2) which was obtained equating the internal work, derived by the
elastic deformation of the CFRP laminate, to the external work produced by the stress field created at the

CFRP laminate surface [38].

In order to solve Eqg. (1), the local bond law (7 —s), proposed by CEB-FIP Model Code [20] and
represented in Eq. (3), was used for both stiff (ADH1 and ADH2) and flexible (ADH3) adhesives. The

typical shape of this law is presented in Figure 10.
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Tm fors > s,

where t,,, and s, are respectively the bond strength and its corresponding slip. In this equation a (0 < s <
s;) is the parameter that defines the shape of the pre-peak branch, while s;, s, and s; represent,
respectively, the slip at the end of the ascending, plateau and descending branches (see Figure 10).

For the determination of the local bond stress-slip laws, the parameters defining t-s laws were calibrated
using the experimental average pullout force versus loaded end slip curves series ADH3 and some series
ADH1 and ADH2 (those representing bond softening phase). For the CFRP laminate geometry properties,
a cross-section area, Ay, of 14.0 mm? and a perimeter, Py, of 21.4 mm were adopted for L10 laminate,
while for L20 the adopted properties were 28.0 mm? and 41.4 mm, respectively.

Table 4 shows the values of the parameters obtained using the described model for the definition of the
local T — s laws for the analysed experimental pullout tests, based on the inverse analysis procedure. This
table also includes the normalized error, Err, of the computational iterative procedure, defined as the ratio
between the area difference of experimental versus computed curves and the area under the experimental
curve. In some cases, Figures 3 and 4 include the comparison between the experimental and computed
pullout force versus loaded end slip relationships. By observing the obtained results is possible to
conclude that the analytical model describes well the local bond-slip laws of NSM-CFRP systems for
both stiff and flexible adhesive applications.

The normalized local bond stress-slip laws computationally obtained for the stiff and flexible adhesives
are presented in Figure 11. These normalized bond laws were determined by dividing the local bond

stress derived computationally for each series (7%"%%) to the corresponding maximum local bond stress

T2 Figure 11 shows that regardless the type of epoxy adhesive for NSM-CFRP systems, all the local
bond stress-slip laws obtained showed approximately similar values of the normalized residual pullout
force, which was almost 50% of the corresponding maximum local bond stress. On the other hand, Figure
11 evidences that, in addition to the higher deformability provided by the flexible adhesive, the use of
ADH3 in the NSM-CFRP system resulted in a clearly more pronounced plateau branch (when s; <s <
s,, See Equation (3)) in the local bond stress-slip law, compared to the cases of ADH1 and ADH2. This

fact may justify the use of ADH3 in the NSM-CFRP system for applications where higher ductility is
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pursued. Besides, regarding the use of ADH3, Figure 11b also shows that the use of CFRP laminates of
L20 led to an even more pronounced plateau branch when compared to the cases where laminate L10 was
applied.

On the other hand, for a safe and economical design of NSM-CFRP system, the anchorage length of
CFRP laminate should be determined considering the requirements imposed by ultimate limit state
conditions. For this purpose, the value of the maximum pullout force of NSM-CFRP system can be
determined by integrating the local bond stress-slip laws along the bonded length. Hence, the maximum
pullout forces were computationally determined for different bond lengths ranging from 20 mm to 300
mm for both stiff and flexible adhesives, using the average values of the variables that define the local
T — s laws (see Table 4). These average values were considered to be independent of the bond length and
of the CFRP laminate type (L10 or L20). Moreover, for both the stiff adhesives ADH1 and ADH2, the
same local t-s law was adopted to determine the maximum pullout force.

Figure 12 shows the relationship between the maximum pullout force and the bond length assumed, for
both stiff and flexible adhesives. These relationships can be used for design purposes, to determine the
required bond length considering a pre-defined maximum pullout force imposed at ultimate limit state
condition. Figure 12a shows that the values of the required bond length increase when the maximum
pullout force increases, until the effective resisting bond length (L,,.) is reached. The maximum pullout
force value is limited to the maximum force that can be transferred through the NSM-CFRP system by the

bonded connection. This effective resisting bond length can be obtained by Eq. (4) [39, 40].

T

Lype = 21
1_ &
22 oty h (4)

P 1 A
—f f
h—r(;+rﬂ

f f c'Ec

where E, is the elasticity modulus of concrete; t,,, and §,, are the maximum bond stress and ultimate slip,
respectively; and A, is the cross sectional area of the concrete surrounding the NSM-CFRP laminate,
which was assumed to be equal to the cross-section of the concrete block used for the pullout tests.

The values of L,,, of 200 mm and 203 mm were obtained for L10 and L20, respectively for stiff
adhesives (ADH1 and ADHZ2), using the local t-s laws where the variables assumed the average values,

as presented in Table 4. These values of L,,, obtained for the stiff adhesives seem to be acceptably
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approximate to the corresponding bond lengths computationally obtained for L10 and L20. In addition,
for the flexible adhesive (ADH3) the values of L,,, around 838 mm and 874 mm were obtained,
respectively for L10 and L20, which are noticeably larger than the corresponding values for the stiff
adhesive.

For the sake of comparison, the results of the experimental pullout tests (see Table 3) in terms of the
maximum pullout force were overlaid to the computed results in Figure 12. It can be observed that the
proposed design curves of both stiff (ADH1 and ADH2) and flexible (ADH3) adhesives of the NSM-
CFRP system predict well the experimentally obtained results. However, for the case of the stiff
adhesives, the increase of the maximum pullout force experimentally obtained for increasing bond length
was limited to the CFRP load carrying capacity, which is more evident for the case of laminate L20.

The authors of the present work have also tested these adhesives with reinforced concrete (RC) slabs [41].
For that purpose, RC slabs with a length of 2600 mm were strengthened with two CFRP laminates (L20)
of 2200 mm long (NSM strengthening technique). The slabs with flexible adhesive have presented a
lower load carrying capacity values (around 19% less, when compared with the case where stiff adhesives
are used), but with a more ductile failure mode and a higher residual load capacity after peak load (around
61% more). Additionally, for service load levels (lower than the yielding load) both types of adhesives
yielded to similar responses of the corresponding slabs. From these tests it became clear that, despite the
need of larger bond lengths, flexible adhesives used at structural level yield to greater performance,

particularly after peak load.

5. NUMERICAL MODELLING

A simple numerical model was developed to correctly simulate the direct pullout test results. The
calculations were performed using DIANA finite element code [42]. Seven series were selected from the
above  described experiments: ADH1 110 Lb60, ADH1 L10 Lb80, ADH1 L10 Lb100,
ADH2_L10_Lb60, ADH2_L10 Lb80, ADH2_L10 Lb100 and ADH3 L10 Lb100. The calculations
were carried out using bond-slip material parameters calibrated separately for each group of tests, as well
as for the average parameters for stiff and flexible adhesives — see Table 4. Similarly to the analytical
approach presented in Section 4, the results of the numerical simulations were compared with the

experimental measurements.
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5.1  Finite element model

In Section 4 the simple phenomenological bond-slip law proposed was described for the stiff and flexible
adhesives that includes all phenomena which govern the behaviour of bonding laminate to concrete
mechanism (i.e. slips between adhesive and CFRP laminate, deformation of adhesive, slips between
concrete and adhesive as well as cohesive damages and micro cracks in concrete). Therefore, two-
dimensional model can be used to describe the anchorage of the laminate in the concrete cube — see
Figure 13. The direct pullout test was modelled using three types of finite elements: 8-node plane stress
element (CQ16M) with a thickness of 200 mm for concrete prism, 3-node beam element (CL9BE) for the
laminate and 6-node interface element with zero thickness (CL121) for the adhesive. The cross-section of
the beam element was rectangular with dimensions 10x1.4 [mm]. The corresponding perimeter of the
laminate-to-concrete interface was equal to 21.4 mm. The concrete cube was fixed in the vertical

direction (translations in Y direction), following the boundary conditions adopted in the experiments.

5.2 Constitutive laws for materials

The proposed analytical model for describing the behaviour of the interface between concrete and
laminate is pertinent to situations where separation damages can be neglected, i.e. if normal stresses and
corresponding damages in the direction normal to the interface can be neglected. In this case the
constitutive relationships between the normal and tangential stresses and relative displacements can be
treated as uncoupled and the incremental constitutive relationship of the laminate-to-concrete connection

can be expressed in the following form:

Ao, _ [Ks 0] Au,

[Ar]_[o K, As] )
where Ag,, is the incremental normal stress in the direction normal to the interface, At is incremental
tangent stress in the direction tangential to the interface, and Au, and As are increments of the relative
displacements in normal and tangential direction to the interface, respectively. K, and K, represent the
stiffness of the interface in the normal and tangential directions, respectively. Due to the fact that the
model does not describe damages in the normal direction to the interface, the constant elastic value of the
stiffness K, is assumed. In the current study high value of K, was adopted in order to obtain the same

normal displacements between laminate and concrete. The stiffness in tangential direction is taken as

at(s)

P where 7(s) is the phenomenological bond-slip law given by Equation (3). It is worth

equal to K, =
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noticing that the physical relationships (5) in unloading follow the initial stiffnesses K¢ = K, and

7(0.02's1)

init —
K™ =
0.02's1

in the normal and tangential direction, respectively. The constant initial values of these
stiffnesses at unloading mean that the physical model does not describe damages accumulated in a
laminate-adhesive-concrete connection during the loading process. In the case of unloading and reloading
with the opposite sign, the original tangential stress - slip law is recovered and follows the negative
counterpart of 7(s) law. The material parameters that describe the bond-slip relationship are taken from
Table 4. This table covers only these tests for which full softening branch was experimentally obtained.
The material parameters adopted for the specimens without the experimentally measured post-critical
behaviour are summarised in Table 5.

Linear-elastic material model is assumed with mechanical properties according to Table 2 for the CFRP

laminate.

5.3  Computational procedure and validation of the model
An incremental-iterative procedure was used to obtain the solution. The computational process was
controlled by increments of the vertical displacement of the node located at the end of the CFRP laminate

(see Figure 13). Due to the fact that the model shows tendency to snap-back behaviour the arc-length

approach for controlling the loading process was applied [43]. For each load increment the equilibrium
between internal and external forces was calculated using the Newton-Raphson procedure. The residual
forces and displacements norms were used as the convergence criteria.

The results of calculations (together with the used bond-slip laws) are presented in Figure 14 to Figure 19.
Figure 15 to Figure 17 present the force in the laminate versus loaded end slip responses. These were
obtained for the bond-slip relationships calibrated analytically for each specific group of tests (black line)
as well as for the average material properties (red line). The proposed model correctly reflects the
experimental results both for the stiff and flexible adhesives for each loading stage (i.e. initial, softening
and residual). The maximum discrepancies between the experiments and the results of simulations for the
average values of material parameters are about 6 %. The presented results indicate that the adopted
analytical model has shown to be effective when used in the numerical simulations using the parameters
determined, It can therefore be applied for further analysis of stresses and slip distributions in DPT tests
as well as for numerical studies of NSM strengthened slabs that are discussed in the companion paper
[41].
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Figure 18 and Figure 19 show the distributions of slips and bond stresses along the bonding length for the
stiff and flexible adhesives. It can be noticed that the flexible adhesive provides slightly nonlinear
distribution of the slips and tangential stresses with low slip and stress gradients for each loading levels.
The almost constant distributions of slips and bond stresses for the flexible adhesive are a consequence of
its very low elastic modulus comparing to the CFRP Young’s modulus. In this case the CFRP laminate
slips along the bonding length almost like a rigid body. In the case of the stiff resins the ratio between the
elastic moduli of the CFRP laminate and the adhesive are nearly three orders of magnitude lower when
compared to the flexible joint. This causes the gradual transfer of the force from the laminate to the

concrete substrate and highly nonlinear distributions of slips and bond stresses.
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6. CONCLUSIONS
The present research work was dedicated to the experimental characterization of the influence of the
adhesive type on the bond behaviour of CFRP composite materials applied according to NSM technique.
For this purpose, two Sikadur 30 (ADH1) and S&P Resin 220 (ADH2) epoxy adhesives were used as
representatives of stiff adhesives, while polyurethane Sika PS (ADH3) adhesive was used as
representative of a flexible adhesive. Additionally, analytical and numerical investigations were carried
out in order to determine the local bond stress-slip relationships for both stiff and flexible adhesives, as
well as to extend the analysis of the experimental tests. As a result of this study, from the experimental
results obtained the following main conclusions have been reached:

e Comparing the responses of stiff and flexible adhesives, significantly higher maximum pullout forces
and bond stiffnesses were observed for the stiff adhesives for the analyzed bonding lengths, while
noticeably higher slip at maximum pullout force was achieved for the flexible adhesive, which can
lead to more ductile responses in NSM-CFRP structural applications;

e The specimens with stiff adhesives failed by debonding at laminate-adhesive interface or by CFRP
rupture, while the specimens with the flexible adhesive always failed by a mixed failure mode
combining debonding at laminate-adhesive interface and cohesive failure in the adhesive;

e As a result of the DIC analysis, it was observed that, for the NSM-CFRP systems with stiff
adhesives, the damage tends to significantly extend to the surrounding concrete, while with the
flexible adhesive the damage is mostly confined to the adhesive;

e The adhesive type had a significant influence on the average maximum bond shear stress, due to the
different distribution patterns of the bond stresses along the bond lengths, which were clearly non-
uniform in the cases of stiff adhesives and essentially uniform in the cases of flexible adhesive;

e The NSM-CFRP system combining the simultaneous application of stiff and flexible adhesives was
proposed as a viable solution to overcome limitations in the deformability of the stiff bonding; the
flexible adhesives may contribute to increase ductility by increasing the work dissipated in a post
failure stage of the structural response.

Regarding the analytical and numerical studies, the following remarks can be highlighted:

e The adopted analytical model, according to the local bond law proposed by CEB-FIP Model Code,
was capable of predicting the local bond-slip laws of NSM-CFRP systems with good accuracy for

both stiff and flexible adhesive applications;
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e Analysing the obtained local bond-slip laws, it was shown that, regardless of the type of adhesive, all
the pullout specimens showed a residual pullout force in the softening branch of about 50% of the
corresponding maximum pullout force, which was due to the friction at the CFRP laminate-concrete
interface;

e The specimens with flexible adhesive demonstrated a clearly more pronounced local bond stress
plateau when compared to the ones with stiff adhesives, and this plateau was even more pronounced
when the CFRP laminate with higher contact area was used;

e Regardless of the cross-section of CFRP laminates used, the effective resisting bond length of
approximately 200 mm was obtained for specimens with stiff adhesives, while a bond length of about
850 mm was obtained for the cases of flexible adhesive;

e The design curves for NSM-CFRP systems were obtained considering ultimate limit state conditions,
and these were derived in terms of the required anchorage lengths for both stiff and flexible adhesive
applications.

e The simple numerical model for concrete-to-laminate interface exhibits very good predictive
performance for all the simulated direct pullout tests and thus can be applied for modelling NSM
strengthening in slabs, that is the main subject of the research discussed in the companion paper
[41].

Despite the need of larger bond lengths, flexible adhesives when used in structural applications (e.g.

strengthening RC slabs) yield to greater performance, particularly after peak load providing more ductile

failure modes and extra residual strength.

Current published design guidelines (e.g. 440.2R-17, CNR-DT 200 R1/2013, CAN/CSA-S6-06) do not

consider explicitly the adhesive as one of components of the strengthening system. Moreover, they

assume that the weakest component is the concrete. These current provisions do not account for the use of

flexible adhesives, requiring the necessary adaptations.
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Table 1 — Test program (each series composed of 3 specimens).

Type of specimen’s

CFRP cross-section

Bond length, Lo

Type of adhesive geometry geometry, wr x tf [mm] Series
[mm]
60 ADH1_L10_Lb60
Cubic 10x1.4 80 ADH1_L10_Lb80
(L10) -
100 ADH1_L10_Lb100
Adhesive 1
(ADHD) Cubic 20x1.4 80 ADH1_L20_Lb80
(L20) 100 ADH1_L20 Lb100
200 ADH1_L20 Lb200
Prismastic 20x1.4 —
(L20) 300 ADH1_L20 Lb300
80 ADH2_L20_Lb80
Cubic 20~1.4 — =
Adhesive 2 (L20) 100 ADH2_L20_Lb100
(ADH2) o 20x1.4 200 ADH2_L20_Lb200
Prismastic |
(L20) 300 ADH2_L20_Lb300
50 ADH3_L10_Lb50
Cubic 10x1.4 100 ADH3_L10_Lb100
(L10) -
Adhesive 3 150 ADH3_L10_Lb150
(ADH3) cubi 20x1.4 80 ADH3_L20_Lb80
unic |
(L20) 100 ADH3_L20_Lb100
. . 20x1.4
Prismastic (L20) 300 ADH3 L20_Lbh300
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Table 2 — Material characterization (average values).

Concrete
Age of curing fc [MPa] Ec [GPa]
28 days 35.4 (4.8 %) 27.0 (0.5%)
110 days 38.5 (2.1%) 28.3 (2.5%)
CFRP
Cross-section geometry f [MPa] Ef [GPa] &fmax [x107]
[mm]
10x1.42 (L10) 2648.3 (1.8%) 169.5 (2.5%) 1.6 (1.8%)
20x1.4° (L20) 2784.0 (3.9%) 161.8 (0.9%) 1.7 (3.0%)
Adhesive
Type of adhesive fa [MPa] Ea [GPa] €amax [x1079]
Adhesive 1 (ADH1) 25.6 (7.4%) 11.7 (0.5%) 3.0 (10.9%)
Adhesive 2 (ADH2) 17.2 (5.4%) 7.6 (6.2%) 2.5 (13.2%)
Adhesive 3 (ADH3)° 2.2 0.008 450

Note: The values between parentheses are the corresponding coefficients of variation (CoV).

2 Results collected from [3].
b Results collected from [29].
¢ Results collected from [10].
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703 Table 3 — Main results obtained from the pullout tests (average results).
. Fimax Fimax/fru Tmax,avg ° Simax

Series [kN] [%] [MPa [mm] FM
ADH1_L10_Lb60 22.5 (1.5%) 60.8 17.5 0.5 (13.8%) DFA(3)
ADH1_L10_Lb80 26.0 (2.1%) 70.2 15.1 0.7 (3.3%) DFA(3)
ADH1_L10_Lb100 29.6 (3.4%) 80.0 13.9 0.9 (7.1%) DFA(3)
ADH1_1L20_Lb80 46.7 (4.5%) 58.4 14.1 0.5 (7.0%) DFA(2)
ADH1_1L20_Lb100 48.9 (4.1%) 61.1 11.8 0.6 (7.1%) DFA(3)
ADH1_L20_Lb200 59.5 (3.0%) 74.4 7.1 1.1(22.7%) | DFA(1); FF(1)
ADH1_120_Lb300 61.0 (2.6%) 76.3 5.0 1.3 (17.2%) FF(2)
ADH2_L10_Lb60? 24.3 (1.6%) 65.6 18.9 0.6 (11.4%) DFA (3)
ADH2_110_Lb80 % 36.5 (2.1%) 98.7 21.3 0.9 (2.2%) FF(3)
ADH2_110_Lb1002| 35.6 (3.0%) 96.2 16.6 0.8 (11.0%) FF(3)
ADH2_1L20_Lb80 48.4 (4.6%) 60.5 14.6 0.5 (29.0%) DFA(3)
ADH2_1L.20_Lb100 54.1 (4.4%) 67.6 13.0 0.8 (11.9%) DFA(3)
ADH2_1.20_Lb200 55.2 (6.4%) 69.0 6.6 0.9 (10.0%) | DFA(1);FF(1)
ADH2_1.20_Lb300 60.4 (3.4%) 75.4 49 2.0 (17.7%) | DFA(2);FF(1)
ADH3_L10_Lb50 2.4 (6.0%) 6.3 2.2 1.1(11.2%) | DFA+CA(3)
ADH3_L10_Lb100 5.0 (6.9%) 13.6 2.3 1.3(14.7%) | DFA+CA(3)
ADH3_L10_Lb150 8.1 (6.3%) 22.0 2.6 1.7 (2.9%) DFA+CA(3)
ADH3_L20_Lb80 5.7 (11.8%) 7.1 1.8 1.9 (7.4%) DFA+CA(3)
ADH3_L20_Lb100 9.9 (0.5%) 12.4 2.4 2.1 (4.0%) DFA+CA(2)
ADH3_L20_Lbh300 | 28.6 (10.4%) 35.7 2.3 2.7 (20.6%) | DFA+CA(3)
Notes:
The values between parentheses are the corresponding coefficients of variation (CoV).
@Results collected from [21].
b Nominal values (see also Section 3.1).
Failure modes (FM): Debonding failure at CFRP-Adhesive interface — DFA; Cohesive failure in Adhesive
— CA,; CFRP Failure — FF; the values between parentheses are the number of specimens where this failure
occurred.
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Table 4 — Values of the parameters defining z-s relationship.

Adhesive Series | oy | fue | o) | (b | 0Pl | O | 08
ADH1_L10_ Lb60 | 025 | 025 | 090 | 1811 | 7.24 | 030 | 7.09

Adhesive 1 ADH1 L10_Lb80 0.30 0.35 0.95 15.98 7.03 0.25 5.98
ADH1_L10 _Lb100| 0.45 0.45 1.00 15.45 6.93 0.30 5.17

Adhesive 2 ADH2_L10_Lb80 0.25 0.40 1.00 23.44 8.95 0.60 4.45
Average ADH1 and ADH2 0.31 0.36 0.96 18.25 7.54 0.36 5.60
L10 (28.1%) | (19.7%) | (4.2%) | (15.8%) | (10.3%) | (31.3%) | (19.9%)

ADH3_L10_Lb50 | 0.90 | 190 | 400 | 208 | 107 | 070 | 178

ADH3_L10 Lb100 1.00 1.70 3.90 2.29 1.17 0.75 1.61

Adbeseg | ADHEL10Lb1s0| 140 | 160 | 400 | 245 [ 0% | 00 | 298
ADH3_L20 Lb80 | 095 | 240 | 435 | 169 | 093 | 060 | 193

ADH3_L20 Lb100 1.05 2.60 4.30 2.32 1.40 0.60 2.81
ADH3_L20_Lb300| 190 | 300 | 500 | 227 | 116 | 035 | 359

Average ADH3 L10 and L20 (3]2“.?.8/0) (2%%2/0) (51.'52&) (122'.11§/o) (113';%/0) (2%.23/0) (3%.@3/0)

Note: The values between parentheses are the corresponding coefficients of variation (CoV).
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708 Table 5 — Local bond - slip material parameters for the specimens without softening branch.
Series 3 % % Tm T ‘
[mm] | [mm] | [mm] | [MPa] | [MPa] | [-]

ADH2-L10-Lb60 0.20 025 120 195 80 045
ADH2-L10-Lb100 0.20 030 095 19.0 80 045
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(b)

(© (d)
Figure 5 — Observed failure modes: (a) debonding at CFRP laminate/adhesive interface (Adhesives
ADH1 and ADH2); (b) CFRP rupture (ADH1 and ADH2); (c) and (d) mixed failure mode composed of
debonding of the CFRP laminate and cohesive in adhesive (ADH3); (d) external surface of the CFRP

laminate for the case of ADH3. Note: figures (a) and (c) were taken in the loaded end section.
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761 Figure 6 — Major principal (tensile) strain fields obtained using DIC: (a) ADH2_L20_Lb100_1 and
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